OBJECTIVE: Percutaneous cochlear implantation (PCI) surgery uses patient-specific customized microstereotactic frames to achieve a single drill-pass from the lateral skull to the cochlea, avoiding vital anatomy. We demonstrate the use of a specific microstereotactic frame, called a "microtable," to perform PCI surgery on cadaveric temporal bone specimens. STUDY DESIGN: Feasibility study using cadaveric temporal bones. SUBJECTS AND METHODS: PCI drilling was performed on six cadaveric temporal bone specimens. The main steps involved were 1) placing three bone-implanted markers surrounding the ear, 2) obtaining a CT scan, 3) planning a safe surgical path to the cochlea avoiding vital anatomy, 4) constructing a microstereotactic frame to constrain the drill to the planned path, and 5) affixing the frame to the markers and using it to drill to the cochlea. The specimens were CT scanned after drilling to show the achieved path. Deviation of the drilled path from the desired path was computed, and the closest distance of the mid-axis of the drilled path from critical structures was measured. RESULTS: In all six specimens, we drilled successfully to the cochlea, preserving the facial nerve and ossicles. In four of six specimens, the chorda tympani was preserved, and in two of six specimens, it was sacrificed. The mean Ϯ standard deviation error at the target was found to be 0.31 Ϯ 0.10 mm. The closest distances of the mid-axis of the drilled path to structures were 1.28 Ϯ 0.17 mm to the facial nerve, 1.31 Ϯ 0.36 mm to the chorda tympani, and 1.59 Ϯ 0.43 mm to the ossicles. CONCLUSION: In a cadaveric model, PCI drilling is safe and effective.
P ercutaneous cochlear implantation (PCI) involves drilling a linear path from the lateral skull to the cochlea through the facial recess. PCI can be performed with a customized microstereotactic frame that constrains the drill to the desired path. We have shown in our previous in vitro 1, 2 and in vivo 3, 4 validation studies that it is possible to choose a safe linear drill path for PCI and to construct a customized microstereotactic frame that guides the drill to the cochlea without causing risk to the facial nerve.
The main steps in PCI involve bone implanting at least three fiducial markers surrounding the mastoid, acquiring a CT scan, planning a safe trajectory in the CT scan relative to the location of the fiducial markers, designing and constructing a customized microstereotactic frame that mounts on the fiducial markers and achieves the specified trajectory, and using the frame to drill to the cochlea. Our prior studies involved validation of the PCI technique to make sure that a drill passing through the frame will target the cochlea without risk to the facial nerve. [1] [2] [3] [4] For this application, we tested two microstereotactic frames (Fig 1) -the commercially available STarFix micro-Targeting Platform (FHC, Inc., Bowdoin, ME) and the recently developed microstereotactic table (which we refer to as a "microtable")-both of which achieve the submillimetric accuracy necessary for PCI. The STarFix platform is a microstereotactic frame approved by the Food and Drug Administration for deep brain stimulation surgeries. It is manufactured by using rapid-prototyping technology at a centralized facility. As a result, there is a two-day delay in getting the microstereotactic frame ready for the surgery after obtaining the CT scan. This delay necessitates implanting markers on patients in the clinic at least two days prior to the surgery, which is inconvenient for both patients and surgeons.
To avoid the manufacturing delay, we developed the microtable as an alternative microstereotactic frame that can be constructed onsite within a few minutes. 2 The microtable consists of a tabletop supported by three legs that mount on the bone-implanted markers such that the tabletop is perpendicular to the desired trajectory ( Fig 2) . The tabletop has four holes, three of which are used to connect to three legs and a fourth that serves as a targeting hole that determines the trajectory. The three holes for the legs are countersunk on the basis of the anatomy of the patient and the desired trajectory. The targeting hole is always designed such that the top of the countersink is 75 mm from the cochlea. The tabletop can be manufactured in less than four minutes by a standard computer-numeric-control (CNC) machine. The in vitro targeting accuracy of the microtable has been shown to be 0.37 Ϯ 0.18 mm 2 , which is similar to the accuracy of the STarFix platform (0.45 Ϯ 0.15 mm). 5 We previously reported on the use of the microtable for an application similar to PCI, namely percutaneous access to the petrous apex. 6 The drilling mechanism we used in that recent report has been improved to achieve better accuracy. In this report, we present the results of PCI drilling in cadaveric temporal bone specimens to target the cochlea.
We follow the same procedure we propose to use for the clinical implementation of PCI.
Methods
Cadaveric temporal bone specimens were used. Therefore, institutional review board approval was not necessary for this study.
We designed a drill press for this study to advance the drill linearly along the path constrained by the microtable. On the basis of our previous drilling experience 6 and guidelines from the Machinery's Handbook, 7 we designed a new drill press (Fig 3) consisting of a linear guide system that controls the straight travel of the drill to a specific distance and a drill bushing adaptor that is used to restrict the movement of the drill bit during drilling. We chose to use a traditional "twist" drill bit for our application because otologic drill bits, which are spherical in shape with side- cutting flutes, are not ideal for forward drilling. For each specimen, we begin drilling with a 6-mm diameter drill bit and then switch to a 1.9-mm diameter drill bit for the last 20 mm to the target, during which the facial recess is traversed. The linear guide system of the drill and drill-tip bushing adaptors are designed such that we drill the exact desired distance and cannot physically override the system to drill farther down the path. The desired distances are accurately preset by a FARO Gage Plus coordinate measuring machine (Faro Technologies Inc., Lake Mary, FL). The 6-mm beginning hole can be used to provide irrigation during the deeper drilling. The 1.9-mm hole size to the cochlea will provide sufficient room for electrode implantation with a customized insertion tool (Schurzig D, Labadie RF, Hussong A, et al. A second generation automated cochlear implant insertion tool with integrated force sensing. In submission.). 8 For the current study, we followed the same procedure that we would potentially follow for clinical implementation. The procedure involves the following steps. (Note that except for steps 1 and 2, which are done prior to the surgery, all the steps are performed in the operating room.)
Step 1: Acquisition of Preoperative CT Scan
A clinically applicable temporal bone CT scan is acquired. For this study, we used a Philips Mx8000 IDT 16 (16-slice acquisition) CT scanner that can provide a pixel size of 0.25-by-0.25 mm and a slice thickness of 0.8 mm with 0.4 mm overlap.
Step 2: Preoperative Trajectory Planning
A safe drill trajectory is automatically planned on the basis of the preoperative CT scan. To achieve this automatic planning, we segmented the significant structures around the target-namely, the facial nerve, the chorda tympani, the cochlea, the labyrinth, the ossicles, and the external auditory canal-which are automatically segmented using methods described previously by our group. 9,10 A drill trajectory is then automatically determined that targets the scala tympani avoiding the facial nerve 11 (Fig 4) . Segmentation followed by trajectory determination is completed in approximately three minutes with an Intel Xeon 2.4 GHz dual quad-core 64-bit machine with 10 GB random access memory. The segmentation results and the trajectory are verified by the surgeon.
Step 3: Implantation of Fiducial Markers
Markers are bone-implanted at three locations surrounding the target region-typically in the mastoid tip, the suprahelical region, and the region posterior to the sigmoid sinus ( Fig 5) . Each marker consists of an anchor that screws into the bone and an extension, at the tip of which is a spherical portion that serves as a fiducial (Fig 2) . Using these spheres as fiducials, instead of the anchors themselves, provides higher accuracy. 2
Step 4: Acquisition of Intraoperative CT Scan
After the spherical fiducial markers are attached, an xCAT ENT mobile CT scanner (Xoran Technologies, Ann Arbor, MI) is used to acquire a CT scan with a voxel size of 0.3 mm in all directions. 
Step 5: Intraoperative Planning
The preoperative and intraoperative CT scans of the patient are registered by using a standard mutual information method, 12 and the trajectory is transformed from the preoperative scan to the intraoperative scan. Also, the centers of the spherical fiducial markers are automatically localized. This step takes approximately four minutes.
Step 6: Design and Fabrication of Customized Microstereotactic Frame
The marker locations and the desired trajectory are used to design a customized microtable. The design involves determining the location and depths of four holes in the tabletop of the microtable and the lengths of the three legs that connect the tabletop to the markers. A custom Matlab (The Mathworks, Natick, MA) program automatically determines these values, creates a virtual model of the microtable, and generates the commands (in G-code) necessary to run the CNC milling machine for fabricating the tabletop. This program takes two or three seconds to run. The tabletop is then fabricated in less than four minutes from a slab of Ultem (Quadrant Engineering Plastic Products, Reading, PA) by a CNC milling machine (Ameritech CNC, Broussard Enterprises, Inc., Santa Fe Springs, CA). Legs of lengths specified by the program are fitted into the three leg holes of the microtable, and a drill-press adaptor is attached to the targeting hole (Fig 2) . A quality assurance check is performed on the parts of the microtable. Attachment of parts to the tabletop and quality assurance takes approximately two minutes.
Step 7: Attachment of Frame and Drilling
The microtable is attached to the markers by tightening the grippers, which are attached to the spherical fiducial markers by thumbscrews ( Fig 6) . The drill bushing adaptor for the 6-mm drill bit is inserted into the drill press, and then the assembly is inserted into the targeting hole of the microtable. Thumbnuts are tightened to hold the assembly in place. Drilling is then performed along the constrained path until the stop is reached. For the initial 6-mm drill bit, the stop is set at 20 mm from the desired target. The drill press and the drill bushing adaptor are then removed from the drill press adaptor. The 6-mm diameter drill bit is replaced with a 1.9-mm diameter drill bit. The drill bushing adaptor for the 1.9-mm drill bit is inserted into the drill press; then the assembly is attached to the drill press adaptor as before. Drilling is again performed until the drill press stops at 75 mm-the depth of the cochlea.
Step 8: Acquisition of Postoperative CT Scan for Validation
To analyze the quality of the drilling, we acquired a postoperative CT scan using the xCAT CT scanner with the 1.9-mm drill bit in the drilled trajectory. The spherical fiducial markers are present in this scan and are used to register it to the intraoperative scan by means of a rigid body point-based registration algorithm. 13 The planned trajectory in the intraoperative scan is transformed to the postoperative scan, and the deviation of the drilled trajectory from the planned trajectory is determined. The postoperative scan is also registered, by using standard mutual information registration technique, 12 to the preoperative scan, in which the critical structures have been automatically segmented (see Step 2) . Applying this registration transformation, we transform the axis of the drilled path to the preoperative scan and measure the closest distance of the drilled path to the critical structures.
Results
Six (n ϭ 6) cadaveric temporal bone specimens were used for this study, and the procedure described in the previous section was followed for each specimen. Both 6-mm and 1.9-mm diameter holes were drilled as specified. It took less than five minutes for drilling including both the 6-mm and 1.9-mm path. In all the specimens, the drill reached its target (i.e., the cochlea). Figure 7 shows the postoperative scan acquired with the 1.9-mm drill bit in the drilled hole.
To analyze the quality of the drilling, we localized the mid-axis of the drilled path in the postoperative CT scan and transformed it to the intraoperative CT scan using the registration based on the spherical fiducial markers. The error of the system, defined as the deviation of the drilled path from the planned path, was computed at the target point and at a point 30 mm lateral from the target. The lateral point was chosen to assess any wandering of the drill tip shortly after impact with the lateral skull. Table 1 reports these error values for each specimen. The mean Ϯ SD error was 0.31 Ϯ 0.10 mm at the target and 0.15 Ϯ 0.09 mm at the lateral location.
There was no contact between the drill and the facial nerve in any of the specimens. The shortest distance from the mid-axis of the drill to the facial nerve, chorda tympani, and ossicles were computed. Table 2 reports these distances for each specimen. The mean Ϯ SD of the closest distance was 1.28 Ϯ 0.17 mm to the facial nerve, 1.31 Ϯ 0.36 mm to the chorda tympani, and 1.59 Ϯ 0.43 mm to the ossicles. Margin distances between the surface of the 1.9-mm drill and the surface of a critical structure can be determined by subtracting the radius of the drill, which is 0.95 mm. Resulting negative numbers (specimens 1 and 2, chorda tympani) indicate that the structure was sacrificed. The mean margin distance was 0.33 mm to the facial nerve, 0.36 mm to the chorda tympani, and 0.64 mm to the ossicles.
Discussion
In a cadaveric model, we have demonstrated drilling for a PCI procedure as guided by customized microstereotactic frames. Drilling was performed on six (n ϭ 6) cadaveric temporal bone specimens. The target was achieved without damage to vital anatomy. The facial nerve and ossicles were preserved in all six specimens with satisfactory distance between the drill and the structure. The chorda tympani was preserved in four specimens and sacrificed during planning and drilling in two specimens.
The achieved drilled path was close to the planned path with a deviation of 0.31 Ϯ 0.10 mm at the target. This accuracy is dependent on the rigidity of the fiducial system relative to the patient's head and the microtable. If the system is rigid, the image to physical registration will result in lower error at the target. 14 The anchors are bone-implanted, enabling rigid attachment of the microstereotactic frame to the skull. Spherical fiducial markers are attached to the anchors, and the microtable is rigidly attached to the spherical fiducial markers. With this rigid system, the targeting accuracy of the microtable at the cochlea has been shown to be 0.37 Ϯ 0.18 mm by phantom studies. 2 The current results of drilling, 0.31 Ϯ 0.10 mm at the cochlea, are comparable to this prior work, showing that our drill system does not add significant error to the system.
The microtable has been clinically validated for accessing the cochlea. 4 With the success of PCI drilling shown in this study, we are in a position to begin PCI drilling in vivo. The procedure for this in vivo PCI drilling would be the same as that mentioned in the Methods section, with the only difference being that the microtable must be sterilized after fabrication (Step 6) and before attachment to the markers (Step 7). Immediately after fabrication, the microtable will be transported to the sub-sterile room near the operating room for sterilization. Approximate time to sterilize by steam is 15 minutes. Once sterilized, the microtable will be made available to the surgeon with a total time from end of intraoperative CT scan to beginning of drilling of 30 minutes.
For the proposed technique, a CNC machine is required. The one utilized in our laboratory costs approximately $25,000. We are in the process of building a miniaturized version that can be located in the operating theater and would cost approximately $15,000. This initial capital expense may be offset by the time savings afforded by the new technique, which we estimate to be consistently performed in less than 60 minutes. This is a significant time savings over reports of traditional cochlear implantation. 15, 16 We anticipate performing PCI drilling in an incremental fashion to ensure safety to patients, after which we will utilize a customized insertion tool (Schurzig D, et al. In submission.) 8 to allow electrode insertion through the PCI drilled path. Our next step is drilling the lateral part of the path, stopping well short of the facial recess, after which an intraoperative CT scan will be acquired to confirm the accuracy of the achieved path. With successful lateral drilling, we will begin drilling through the facial recess with facial nerve monitoring. While this PCI approach seems radical, it is based on sound engineering concepts and data demonstrating submillimetric accuracy.
